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Abstract 4 
Climate change will impact forest ecosystems, their biodiversity and the livelihoods they 5 
sustain. Several adaptation and mitigation strategies to counteract climate change impacts 6 
have been proposed for these ecosystems. However, effective implementation of such 7 
strategies requires a clear understanding of how climate change will influence the future 8 
distribution of forest ecosystems. This study uses maximum entropy modelling (MaxEnt) 9 
to predict environmentally suitable areas for cork oak (Quercus suber) woodlands, a 10 
socio-economically important forest ecosystem protected by the European Union 11 
Habitats Directive. Specifically, we use two climate change scenarios to predict changes 12 
in environmental suitability across the entire geographical range of the cork oak and in 13 
areas where stands were recently established. Up to 40% of current environmentally 14 
suitable areas for cork oak may be lost by 2070, mainly in northern Africa and southern 15 
Iberian Peninsula. Almost 90% of new cork oak stands are predicted to lose suitability by 16 
the end of the century, but future plantations can take advantage of increasing suitability 17 
in northern Iberian Peninsula and France. The predicted impacts cross country borders, 18 
showing that a multinational strategy will be required for cork oak woodland adaptation 19 
to climate change. Such a strategy must be regionally adjusted, featuring the protection 20 
of refugia sites in southern areas and stimulating sustainable forest management in areas 21 
that will keep long-term suitability. Afforestation efforts should also be promoted but 22 
must consider environmental suitability and land competition issues.  23 
 24 
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1 Introduction 35 
Global climate change is affecting ecosystems worldwide (Parmesan, 2006; 36 
Parmesan and Yohe, 2003). Forest ecosystems are particularly susceptible to shifts in 37 
natural disturbance regimes induced by climate change (Dale et al., 2001; Trumbore et 38 
al., 2015). For example, changes in the intensity, frequency and duration of wildfires or 39 
droughts can negatively affect tree growth and recruitment, increase tree defoliation and, 40 
ultimately, induce tree mortality (Allen et al., 2010; Caldeira et al., 2015; Lindner et al., 41 
2010; Walck et al., 2011). Adaptation and mitigation strategies against climate change 42 
are crucial to counteract such effects. However, effective implementation of such 43 
strategies requires accurate identification of areas that may remain environmentally 44 
suitable for forest species and areas with potential for afforestation (Aitken et al., 2008; 45 
Millar et al., 2007; Settele et al., 2014). This is particularly important in climate change 46 
hotspots, such as the Mediterranean Basin (Giorgi, 2006), where the development of 47 
forest adaptation and mitigation strategies is a pressing challenge (Doblas-Miranda et al., 48 
2015; Scarascia-Mugnozza et al., 2000). 49 
Cork oak (Quercus suber) woodlands are agro-silvo-pastoral systems of high 50 
socio-economic and conservation value, typical of the Western Mediterranean Basin. 51 
They cover approximately 1.5 million ha across Portugal, Spain, Italy and France, and 1 52 
million ha in North Africa between Morocco, Algeria and Tunisia (Bugalho et al., 2011; 53 
Diáz et al., 1997). Cork oak woodlands have a relatively open, savannah-like tree 54 
structure (about 30 to 60 trees per ha) and a heterogeneous shrub-grassland matrix 55 
understory (Bugalho et al., 2009). These woodlands host plant and animal species of high 56 
conservation value (Correia et al., 2015a; Diáz et al., 1997), including endemic or 57 
threatened species such as Iberian imperial eagle Aquila adalberti, Black stork Ciconia 58 
nigra or Iberian lynx Lynx pardinus. Cork oak woodlands are classified under the 59 
European Union Habitats Directive (92/43/CEE) and are included in the Natura 2000 60 
network of protected areas (Berrahmouni et al., 2009). Cork oak woodlands also have a 61 
very high socio-economic value, mostly derived from cork and livestock production 62 
(Bugalho et al., 2009; Pereira and Tomé, 2004). Cork can be harvested every 9 to 12 years 63 
without significant damage to the tree or affecting the biodiversity of these woodlands 64 
(Leal et al., 2011). Cork is mainly used for wine bottle stoppers (over 70% of production), 65 
although there has been a recent increase in other applications such as insulation materials 66 
and pavements (Bugalho et al., 2009; Bugalho et al., 2011). Approximately 300 thousand 67 
tons of cork are harvested across the western Mediterranean Basin annually (Berrahmouni 68 
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et al., 2007). Cork is the sixth most important non-timber forest product worldwide, with 69 
an estimated export value of US$329 million, and processed cork products generate an 70 
annual revenue of US$ 2 billion (Berrahmouni et al., 2007).  71 
Current threats to cork oak woodlands include a lack of natural oak regeneration 72 
and high adult oak mortality, eventually leading to declines in tree density and area loss 73 
(Plieninger et al., 2010; Santos and Thorne, 2010). Climate change will exacerbate these 74 
threats through an increase in temperatures and frequency of droughts (Acácio et al., 75 
2016; Besson et al., 2014; Caldeira et al., 2015), both of which will contribute to an 76 
increase in the frequency and severity of wildfires (Acácio et al., 2007; Godinho et al., 77 
2016), especially in areas with inadequate management (Bugalho et al., 2011; Godinho 78 
et al., 2016). 79 
Here, we use environmental niche models (ENMs) to predict changes in 80 
environmental suitability across the geographic range of cork oak woodlands in response 81 
to climate change. Our objectives were to (i) quantify changes in environmental suitability 82 
across the cork oak geographic range using two climate change scenarios; (ii) assess 83 
whether ongoing afforestation efforts have taken place in those areas most likely to 84 
remain environmentally suitable for the species, using Portugal as a case study, and; (iii) 85 
discuss potential climate change adaptation and mitigation strategies for cork oak 86 
woodlands at regional and global scales. 87 
 88 
2 Methods 89 
2.1 Cork oak distribution data 90 
Cork oak distribution was obtained by geo-referencing or collecting geo-91 
referenced data in national forestry and biodiversity inventories. Data were collected for 92 
all the countries where the species occurs naturally (Fig. 1): Portugal (Autoridade 93 
Florestal Nacional, 2009), Spain (Dirección General de Medio Natural y Política Forestal, 94 
2009),  France (Institut National de l’Information Géographique et Forestiére, 2010), Italy 95 
(Vessella and Schirone, 2013), Morocco (Haut Commissariat aux Eaux et Forêts et à la 96 
Lutte Contre la Désertification, 2005), Algeria (Barry et al., 1974), and Tunisia (Khaldi, 97 
2004). The spatial resolution of the data differed among countries, so the complete 98 
distribution dataset was up-scaled to a 5 arc-minute resolution grid. This process served 99 
to homogenise the spatial resolution of the distribution data and match it to the resolution 100 
of the climate data used (see below). 101 
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We also obtained information on the location of cork oak stands recently planted 102 
in Portugal (Autoridade Florestal Nacional, 2009), the country with the largest area of 103 
cork oak woodland, in order to evaluate the adequacy of the geographic location of new 104 
afforestation considering climate change scenarios. 105 
 106 
2.2 Environmental data 107 
Climate data representing current (1950-2000) and future (2061-2080) conditions 108 
were downloaded from the WorldClim database (http://www.worldclim.org/) at 5 arc-109 
minute resolution. Future climatic conditions were derived from four Global Circulation 110 
Models (GCMs – ACCESS1-0, CCSM4, HadGEM2-ES and MPI-ESM-LR) and two 111 
Representative Concentration Pathways scenarios (RCP 4.5 and 8.5). These scenarios 112 
were chosen to represent moderate (RCP 4.5, average increase of 1.8ºC by 2100) and 113 
extreme (RCP 8.5, average increase of 3.7ºC by 2100) warming trends (Stocker et al., 114 
2013). We collected data from the standard set of 19 bioclimatic variables (Hutchinson et 115 
al., 2009) available in the WorldClim database. Furthermore, we calculated additional 116 
variables potentially relevant for cork oak: number of frost days (New et al., 2000) and  117 
indices of annual and seasonal aridity (Zomer et al., 2008). Two soil related variables, 118 
Soil type and Soil pH, were collected from the Harmonized World Soil Database, also at 119 
5 arc-minute resolution (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). 120 
Twelve environmental variables (Table 1) were then selected for model 121 
calibration purposes based on the biological knowledge of the species’ requirements 122 
(Pausas et al., 2009). The choice of proximal variables (i.e. variables that closely relate to 123 
the physiological limits of the species) is often recommended for modelling species 124 
distributions as it allows for more robust predictions and facilitates model interpretability 125 
(Buckley et al., 2010; Kearney and Porter, 2009; Synes and Osborne, 2011). Several of 126 
the potentially relevant environmental variables were highly correlated (Table S1 in 127 
Online Resource 1) which could affect model outcomes (Dormann et al., 2013; Merow et 128 
al., 2013). To minimize this, we generated environmental variable subsets which only 129 
contained variables with a correlation coefficient <|0.7| using the ENMeval library 130 
(Muscarella et al., 2014) for R software package (R Core Team, 2016). Model AUC and 131 
AIC scores (Table S2 in Online Resource 1) were then used to select the best subset of 132 
environmental variables for modelling purposes.  133 
 134 
2.3 Modelling framework 135 
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Cork oak suitable areas were identified using a maximum entropy (MaxEnt) 136 
modelling framework and implemented in library dismo (Hijmans et al., 2015) for R 137 
software package v3.2 (R Core Team, 2016). MaxEnt modelling is a widely-used method 138 
for modelling species distributions (Merow et al., 2013) and has often been recommended 139 
over other available methods (Elith et al., 2006). Furthermore, it has recently been shown 140 
that the MaxEnt approach is analogous to a Poisson regression and thus mathematically 141 
equivalent to a Generalized Linear Modelling (GLM) approach (Renner and Warton, 142 
2013). 143 
Models were fitted using only Linear and Quadratic features to make model 144 
responses more interpretable (Merow et al., 2014; Merow et al., 2013). This approach has 145 
also been recommended to obtain more realistic estimates of current and future potential 146 
distributions (Jimenez-Valverde et al., 2008; Thuiller et al., 2004), which are important 147 
for conservation purposes. Background points were selected from the whole study region, 148 
but excluded areas where the cork oak is known to be present. Models were replicated 149 
100 times by selecting 75% of data records for calibration and 25% for validation, using 150 
a sub-sampling approach. Each model run returned a prediction of current suitable areas 151 
for cork oak on a logistic scale varying from 0 to 1. Response curves for each 152 
environmental variable are available in Fig. S1 (Online Resource 1). Future predictions 153 
were also obtained on a logistic scale based on model response curves by applying 154 
environmental data representing future conditions to each model run. 155 
Consensus maps were then calculated for present and future climate scenarios 156 
using an unweighted average of the logistic predictions obtained from model replicates 157 
using the raster library (Hijmans, 2015) for R software package v3.2 (R Core Team, 158 
2016). Areas with a suitability score under 0.25 were considered as potentially unsuitable 159 
for the cork oak based on the average value of the ‘Equal training sensitivity plus 160 
specificity’ threshold, which has been recommended as a good threshold selection 161 
approach (Jimenez-Valverde and Lobo, 2007). Suitable areas were then assigned to one 162 
of two suitability classes based on logistic prediction scores: low (0.25 to <0.5) and high 163 
(≥0.5). These maps were used to estimate range-wide and country-level changes in the 164 
extent of suitable areas between present and future scenarios as well as the percentage of 165 
new stands likely to remain suitable in the future. The estimates of change in the extent 166 
of suitable area correspond to the environmental predictions of suitable area loss 167 
(measured in total grid cell area) and not observed cork oak range extent lost. Finally, 168 
Corine Land Cover 2006 raster maps (Version 16) were used to determine the current 169 
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land use in areas of high future suitability for the cork oak and explore the viability of 170 
different scenarios for the establishment of cork oak plantations. All map visualization, 171 
analysis and plotting was done using ArcGIS v10.0 (ESRI, 2011). 172 
 173 
3 Results 174 
3.1 Model assessment 175 
 The final model included six environmental variables: number of frost days, 176 
spring aridity index, temperature seasonality, precipitation seasonality, soil type, and soil 177 
pH (Table 1). The model with this set of variables had the highest AUC test score (0.944) 178 
and the lowest AIC score. Number of frost days was the highest contributing 179 
environmental variable (34.9%), followed by precipitation seasonality (23.9%). The 180 
remaining environmental variables included in the model had an overall contribution to 181 
the model which was inferior to 15% (Table 2). 182 
 183 
3.2 Global range analysis 184 
 Current predictions indicate that the large majority of cork oak woodlands (~75%) 185 
are in areas of high suitability across their range (Fig. 2). Future predictions indicate an 186 
overall decrease in environmental suitability for the cork oak across its current range 187 
(average suitability decrease of 0.1 for RCP 4.5 and 0.3 for RCP 8.5, Fig. S2 in Online 188 
Resource 1). Our results suggest that suitability will decline in most countries where the 189 
species occurs (except in France) due to a northward shift of suitable environmental 190 
conditions (Fig. 2). Such changes will lead to a potential loss of suitable areas that varies 191 
between ~2 000 (RCP 4.5) and 13 000 km2 (RCP 8.5), corresponding to ~5-40% of 192 
currently occupied areas (Fig. 3). Moreover, only ~5 000 (RCP 8.5) to 11 000 km2 (RCP 193 
4.5), which account for ~20 to 35% of currently occupied areas, are likely to remain 194 
highly suitable. Thus in the future a large proportion of the area currently occupied 195 
(between ~65 and 80%) is likely to have a low suitability for the species. 196 
Area losses resulting from decreasing environmental suitability may be 197 
compensated with afforestation in novel suitable areas (Fig. 2). The models predict that 198 
these new suitable areas correspond to ~51 000 km2 under the RCP 4.5 scenario, and to 199 
~58 000 km2 under the RCP 8.5 scenario. This represents approximately twice the area 200 
currently occupied by cork oak woodlands. However, the conversion of most of these 201 
areas to cork oak woodland faces considerable policy and socio-economic challenges 202 
including competition with current land uses and alternative management options. Most 203 
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of the potential new suitable areas are currently occupied by native forests and agricultural 204 
land (~25 000 to 30 000 km2, Table 3) while areas of pasture and agro-forestry systems 205 
do not represent more than 2 500 km2 (~5% of the total novel suitable area). 206 
 207 
3.3 Country-level analysis 208 
Analyses at country level reveal distinct trends for the northern and southern areas 209 
of the cork oak distribution (Fig 2). Most southern areas where the species is currently 210 
present will decrease in environmental suitability, particularly in Portugal, Spain and 211 
Morocco. In Portugal, large areas currently occupied by the species will change from high 212 
to low environmental suitability. These areas total between ~5 000 and 6 000 km2 under 213 
RCP 4.5 and RCP 8.5 scenarios respectively (Fig. 3), which corresponds to approximately 214 
55-66% of high suitability areas in the country. In Spain and Morocco many areas are 215 
also likely to become unsuitable for the species. The total extent of these areas range up 216 
to ~6 000 km2 in Spain and ~3 500 km2 in Morocco under RCP 8.5 (corresponding to 217 
approximately 60 and 70% of currently suitable areas in Spain and Morocco respectively; 218 
Fig. 3). In Italy, Algeria and Tunisia, climate change will mostly convert areas of high 219 
suitability into areas of low suitability. This change may range up to ~2 000, 3 000 and 220 
800 km2 for each country respectively under the RCP 8.5 scenario. France is the only 221 
country where the cork oak environmental suitability is likely to improve in presently 222 
occupied areas, with up to 1 000 km2 becoming highly suitable.  223 
 224 
3.4 Assessment of the climatic suitability of recent afforestations 225 
Many of the areas where cork oak stands were recently established in Portugal are 226 
likelly change in suitability due to climate change (Fig. 4). Our results suggest that the 227 
most (~99.5%) recent stands were established in areas that presently show high 228 
environmental suitability. Under the RCP 4.5 scenario, all stands are likely to remain in 229 
suitable areas, although approximately 30% of them will decrease in suitability. However, 230 
under the RCP 8.5 scenario, up to 90% of the new stands will have low climatic suitability 231 
and approximately 10% will become unsuitable. 232 
 233 
4 Discussion 234 
4.1 Model assessment and predicted scenarios 235 
Our results show that climate change is likely to affect the global distribution of 236 
cork oak woodlands. Up to 40% of the current global distribution of these woodlands is 237 
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expected to become environmentally unsuitable, under the more extreme climate change 238 
scenario (3.7oC by the end of the century). An additional 40% of the current range is 239 
likely to suffer a decline in suitability. Presently, Portugal and Spain are the countries 240 
with the largest area of cork oak woodlands (Pausas et al., 2009) but approximately 60% 241 
of this will lose suitability under the more extreme climate change scenarios (RCP 8.5). 242 
Southern areas of the current distribution will be the most affected, including Alentejo 243 
and Algarve in Portugal, Extremadura and Andalucía in Spain and most of North Africa. 244 
Cork production has an important socio-economic role  and supports rural livelihoods in 245 
these regions (Berrahmouni et al., 2007). Additionally, several cork oak woodlands in 246 
these regions have high conservation value (Correia et al., 2015a; Dias et al., 2013). To 247 
counter the negative impact of climate change on these natural and socio-economic 248 
values, it is crucial to implement climate change adaptations measures. Such measures 249 
can take advantage of the opportunities to compensate predicted losses using new suitable 250 
areas (e.g. northern Iberia Peninsula, France and Italy, Fig. 2). 251 
This study uses a robust modelling procedure which considers data from the whole 252 
cork oak distribution to predict changes in environmental suitability across the natural 253 
range of the species. This procedure improves model performance and transferability and 254 
is likely to produce more plausible future scenarios (Barbet-Massin et al., 2010; Thuiller 255 
et al., 2004). Previous studies, based on other approaches and using limited distribution 256 
data, suggested potential losses of up to 96% of environmentally suitable areas for cork 257 
oak in the Iberian Peninsula (Benito Garzon et al., 2008) and a potential expansion of up 258 
to 522% in Italy (Attorre et al., 2011). While our results partially agree with these 259 
forecasts, they give more conservative estimates for area gains and losses due to changes 260 
in environmental suitability. We found that the inclusion of the global range of the species 261 
in the modelling procedure was particularly important; initial models were trained 262 
without data from North Africa, the driest part of the species’ range, and yielded clearly 263 
inadequate predictions.  264 
Our models showed a very good fit, both in terms of AUC scores and in the high 265 
correspondence between the model response to environmental variables and the known 266 
species environmental limits. The natural distribution of cork oak trees is restricted to 267 
areas with an average annual precipitation equal or above 600 millimetres and average 268 
annual temperatures  above 15°C (Pausas et al., 2009; Pereira, 2007). In Europe, cork oak 269 
distribution is partly restricted to southern regions because of its low tolerance to frequent 270 
winter frost, an important determinant of the northern limit for the species (Cavender-271 
9 
 
Bares et al., 2005; Larcher, 2000; Pausas et al., 2009). In North Africa, however, tolerance 272 
to drought is likely the main limitation for cork oak occurrence (Larcher, 2000; Pausas et 273 
al., 2009). Our choice of environmental variables for modelling calibration considered 274 
these environmental constraints, as recommended to obtain more robust predictions 275 
(Buckley et al., 2010; Kearney and Porter, 2009; Synes and Osborne, 2011). The number 276 
of frost days (an indicator of the duration of cold spells) and precipitation seasonality 277 
(indicating the intensity of drought spells) accounted for approximately 60% of the 278 
model’s explanatory power (Table 1). Soil characteristics are also  strong determinants of 279 
cork oak distribution as the species prefers acidic soils with granite, schist, or sandy 280 
substrates (Serrasolses et al., 2009). Our models also reflected this constraint, with soil 281 
type and pH together accounting for half of the remaining explanatory power. As with 282 
any other correlative modelling procedure, our model predictions are based on the 283 
characterization of the current conditions supported by the species, and therefore do not 284 
account for potential acclimatization and genetic adaptation of the species to future 285 
conditions or novel management practices (e.g. irrigation). 286 
 287 
4.2 Climate change adaptation recommendations for cork oak woodlands 288 
Climate change adaptation targeting cork oak woodlands require development and 289 
implementation of global, national and regional-level policies. To be effective, such 290 
efforts must incorporate regional differences in predicted changes in environmental 291 
suitability. Strategies should be distinct (i) for the regions that are becoming mostly 292 
unsuitable for the cork oak, (ii) for those that will in the long term maintain adequate 293 
suitability, and (iii) for those regions that will harbour new suitable areas. For example, 294 
under the scenario of RCP 8.5, extensive regions of northern Africa and southern Iberian 295 
Peninsula will lose their overall suitability; within these regions only small areas with 296 
different micro-climatic conditions may support cork oak populations. These potential 297 
refugia sites will likely be located in northern slopes of hilly areas, where impacts of 298 
climate change are buffered by local conditions such as higher moisture and lower 299 
temperatures (Correia et al., 2015b). These refugia should be prioritized for protection 300 
because they are valuable to preserve existing biodiversity and as potential regeneration 301 
islets (Benayas et al., 2008), acting as sources of propagules to colonize neighbouring 302 
areas, when conditions become adequate. The protection of these refugia could also 303 
complement the current network of protected areas, such as the Natura 2000 network, by 304 
increasing connectivity and effectiveness. Such an approach, taking advantage of refugia, 305 
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has been suggested as an important adaptation strategy for the Mediterranean region 306 
(Araujo et al., 2011; Klausmeyer and Shaw, 2009) and other parts of the world (Canadell 307 
and Raupach, 2008; Heller and Zavaleta, 2009). 308 
Our models also show that large regions within the current distribution of the 309 
species will remain environmentally suitable, in spite of changing local conditions. This 310 
includes central Portugal, most of southern and western Italy, and the islands of Sicily, 311 
Sardinia and Corsica. In the short to medium term, these regions will remain the 312 
stronghold of cork oak woodlands and will require efforts to minimize already existing 313 
threats, as well as those driven by climate change. Promoting sustainable forest 314 
management will be necessary to preserve cork oak woodlands and their associated 315 
biodiversity, the delivery of ecosystems services (Bugalho et al., 2011), and can generate 316 
synergies between forest adaptation and climate mitigation strategies (Ravindranath, 317 
2007). Emergent mechanisms of forest certification and payment for ecosystem services 318 
(Bugalho and Silva, 2014; Bugalho et al., 2016; Dias et al., 2013) can be used to 319 
incentivize sustainable forest management. In areas losing some level of suitability, 320 
responsive management practices, such as stand irrigation, may be necessary, but that 321 
will require prior ecological and economic evaluation. The cork industry in Portugal is 322 
already anticipating the effects of climatic change and supporting research exploring how 323 
novel management practices such as irrigation may affect the productivity of cork oak 324 
stands (Schmitt, 2016). It remains to be seen, however, whether irrigation is a cost-325 
effective solution, particularly in drier regions, where limited water availability will be 326 
exacerbated by future climate change (Barkhordarian et al., 2013; Cook et al., 2016). 327 
The predicted northward shift of environmentally suitable areas represents an 328 
opportunity for promoting the expansion, and thus compensate losses, of cork oak cover. 329 
However, such a compensation process implies considerable policy and environmental 330 
challenges. Concerted regional and national policy efforts would be needed to 331 
compensate losses in North Africa and Iberia with expansion of the species in France. 332 
Such efforts would probably require a Common European Forest policy framework that 333 
currently does not exist (Winkel and Sotirov, 2016). Nevertheless, legal and financial 334 
mechanisms for sustainable forest management and afforestation, presently under the 335 
European Common Agricultural Policy, could be explored to support this potential 336 
northern expansion of cork oak (Bonfiglio et al., 2016). Some natural range expansion 337 
into new environmentally suitable areas may take place, but is very limited by the current 338 
low rates of cork oak regeneration and establishment (Acácio et al., 2007; Caldeira et al., 339 
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2014; Pons and Pausas, 2006). Hence, afforestation will be necessary to support a 340 
northward range expansion of the species (de Dios et al., 2007). This study identified 341 
areas where these measures are more likely to succeed and demonstrates how modelling 342 
approaches can inform such decisions (Hidalgo et al., 2008; Vessella and Schirone, 2013). 343 
For example, our results show that several recently established cork oak stands in Portugal 344 
are located in areas that will lose environmental suitability and are thus unlikely to 345 
balance potential future losses of cork oak cover, particularly under RCP 8.5 (Fig. 4). 346 
Finally, afforestation in new areas must consider social, economic and ecologic dynamics 347 
of present and past land uses in these areas, including local people needs (Linares, 2007; 348 
Nyong et al., 2007). Areas that are increasing in suitability for cork oak are currently 349 
occupied by a matrix of other land uses, such as productive agricultural lands, native 350 
vegetation or legally protected areas (Table 3). This competition among land uses 351 
highlights the need for further studies addressing the potential socio-economic 352 
consequences of land cover changes resulting from climate change (Oliver and Morecroft, 353 
2014).  354 
 355 
5 Conclusions 356 
Forest ecosystems are under increasing pressure from climate change worldwide, 357 
and integrative forest adaptation and mitigation frameworks are necessary to address this 358 
challenge (Millar et al., 2007). Spatially explicit modelling approaches can contribute 359 
with useful information for the design of these frameworks (Rowland et al., 2011), and 360 
the models we developed illustrate this usefulness in the case of cork oak woodlands. The 361 
most satisfactory models we obtained were made robust by the use of predictor variables 362 
known to be physiologically important for the cork oak, and by training the models using 363 
the full range of climatic conditions presently occupied by the species. Future modelling 364 
efforts aiming to analyse climate change impacts on forest ecosystems should also 365 
incorporate economic and social criteria whenever possible (Aaheim et al., 2011; de 366 
Bremond and Engle, 2014). 367 
The results of these models indicate that climate change will cause major shifts in 368 
the global distribution of cork oak woodlands. It is urgent to start addressing such shifts 369 
with appropriate mitigation and adaptation measures, as this ecosystem is very important 370 
for the rural economy and conservation of biodiversity in much of the Western 371 
Mediterranean basin (Bugalho et al., 2011). Early implementation of adaptation strategies 372 
is particularly important for ecosystems with slow growth and maturation rates, such as 373 
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cork oak woodlands. Their early deployment can also be carried out in a manner that 374 
stimulates synergies with climate change mitigation actions (Millar et al., 2007; 375 
Ravindranath, 2007). However, the identified shifts in potential distribution of cork oak 376 
occur at a scale requiring a supra national response strategy, spanning several countries 377 
in Europe and Africa with very different social and economic realities, which poses 378 
particular challenges. 379 
The results of our spatial models reinforce the idea that forest adaptation strategies 380 
need to be regionally adjusted (Afreen et al., 2011). The expected changes show a gradual 381 
pattern across a latitudinal gradient, but it is possible to divide this gradient into three 382 
rough regions that require partially distinct actions. In the southernmost region, which 383 
includes North Africa and parts of Iberia, the expected decrease in suitability is so great 384 
that resources should be concentrated in the preservation of the few refuges where 385 
microclimatic conditions will keep long term suitability for the species (Dobrowski, 386 
2011). The intermediate region corresponds to the parts of the current range of cork oak 387 
that are likely to maintain adequate levels of suitability in the long term. This will for 388 
many decades remain the core of the range of this type of woodland, and a major objective 389 
here should be to improve the economic and ecological sustainability of the system, so 390 
that it can resist the greater aridity and the increasing competition for space resulting from 391 
the expected northward migration of agriculture. Irrigation may be required in part of this 392 
region to counter aridity, but the viability of this measure is questionable due to the 393 
increasing scarcity of water resources (Barkhordarian et al., 2013; Cook et al., 2016). It 394 
has been shown that the ecological and economic viability of deploying irrigation in 395 
response to increasing aridity can show substantial variation across regions with 396 
Mediterranean climate (Salinas and Mendieta, 2013a, b). We strongly recommend a 397 
similar assessment be made before the large-scale implementation of irrigation in the case 398 
of cork oak. Finally, the northernmost region corresponds to the relatively vast areas that 399 
are now mostly outside the range of cork oak but will become suitable as a consequence 400 
of climate warming. Assisted colonization, mostly in the form of new afforestations, 401 
should be a key tool for adaptation in this region, even though greatly limited by the 402 
competition of the various land use types that presently dominate the area. Adaptation 403 
strategies should address these important land competition issues (Lunda and Iremonger, 404 
2000). New afforestations should be planned using robust models predicting future 405 
suitability, to increase their chances of long term success. 406 
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In spite of the growth of forest research, it was evident to us during this study that 407 
further multidisciplinary research covering the various dimensions of forest adaptation 408 
and mitigation is necessary to provide sound recommendations for the conservation of 409 
forests under climate change. In the case of cork oak woodlands, it is particularly crucial 410 
to address existing knowledge gaps associated with ecological functioning, bio-cultural 411 
heritage and regionally-specific threats in Europe and North Africa, as these may greatly 412 
constrain adaptation and mitigation strategies. 413 
 414 
Acknowledgements 415 
Fundação para a Ciência e Tecnologia (FCT) supported R. A. Correia through a PhD 416 
grant (SFRH/BD/66150/2009) and M. N. Bugalho through principal investigator contract 417 
(IF/01171/2014). We are thankful to Robert K. Dixon, Richard J. Ladle and four 418 
anonymous referees, whose comments helped to improve the initial version of the 419 
manuscript. 420 
 421 
References 422 
Aaheim A, Chaturvedi RK, Sagadevan AD (2011) Integrated modelling approaches to 423 
analysis of climate change impacts on forests and forest management. Mitig Adapt 424 
Strateg Glob Change 16:247-266 425 
Acácio V, Dias FS, Catry FX et al (2016) Landscape dynamics in Mediterranean oak 426 
forests under global change: understanding the role of anthropogenic and environmental 427 
drivers across forest types. Glob Change Biol (in press). DOI: 10.1111/gcb.13487 428 
Acácio V, Holmgren M, Jansen PA et al (2007) Multiple recruitment limitation causes 429 
arrested succession in mediterranean cork oak systems. Ecosystems 10:1220-1230 430 
Afreen S, Sharma N, Chaturvedi RK et al (2011) Forest policies and programs affecting 431 
vulnerability and adaptation to climate change. Mitig Adapt Strateg Glob Change 432 
16:177-197 433 
Aitken SN, Yeaman S, Holliday JA et al (2008) Adaptation, migration or extirpation: 434 
climate change outcomes for tree populations. Evol Appl 1:95-111 435 
Allen CD, Macalady AK, Chenchouni H et al (2010) A global overview of drought and 436 
heat-induced tree mortality reveals emerging climate change risks for forests. For Ecol 437 
Manage 259:660-684 438 
Araujo MB, Alagador D, Cabeza M et al (2011) Climate change threatens European 439 
conservation areas. Ecol Lett 14:484-492 440 
14 
 
Attorre F, Alfo M, De Sanctis M et al (2011) Evaluating the effects of climate change on 441 
tree species abundance and distribution in the Italian peninsula. Appl Veg Sci 14:242-255 442 
Autoridade Florestal Nacional (2009) IF5 - Inventário Florestal Nacional de 2005/2006. 443 
Autoridade Florestal Nacional, Lisboa, Portugal 444 
Barbet-Massin M, Thuiller W, Jiguet F (2010) How much do we overestimate future 445 
local extinction rates when restricting the range of occurrence data in climate suitability 446 
models? Ecography 33:878-886 447 
Barkhordarian A, von Storch H, Bhend J (2013) The expectation of future precipitation 448 
change over the Mediterranean region is different from what we observe. Clim Dynam 449 
40:225-244 450 
Barry P, Celles JC, Faurel L (1974) Carte International du Tapis Vegetal et des Conditions 451 
Écologiques (1/1 000 000) et notice explicative. Société d’Histoire Naturelle de l’Afrique 452 
du Nord, Algérie 453 
Benayas JMR, Bullock JM, Newton AC (2008) Creating woodland islets to reconcile 454 
ecological restoration, conservation, and agricultural land use. Front Ecol Environ 6:329-455 
336 456 
Benito Garzon M, Sanchez de Dios R, Sainz Ollero H (2008) Effects of climate change 457 
on the distribution of Iberian tree species. Appl Veg Sci 11:169-178 458 
Berrahmouni N, Escuté X, Regato P et al (2007) Beyond Cork - a wealth of resources for 459 
people and Nature. WWF Mediterranean, Rome, Italy 460 
Berrahmouni N, Regato P, Ellatifi M et al (2009) Ecoregional Planning for Biodiversity 461 
Conservation. In: Aronson J, Pereira JS, Pausas JG (eds.) Cork oak woodlands on the 462 
edge. Island Press, Washington, DC, USA 463 
Besson CK, Lobo-do-Vale R, Rodrigues ML et al (2014) Cork oak physiological 464 
responses to manipulated water availability in a Mediterranean woodland. Agr Forest 465 
Meteorol 184:230-242 466 
Bonfiglio A, Camaioni B, Coderoni S et al (2016) Where does EU money eventually go? 467 
The distribution of CAP expenditure across the European space. Empirica 43:693-727 468 
Buckley LB, Urban MC, Angilletta MJ et al (2010) Can mechanism inform species' 469 
distribution models? Ecol Lett 13:1041-1054 470 
Bugalho M, Plieninger T, Aronson J et al (2009) Open woodlands: A diversity of uses 471 
(and overuses). In: Aronson J, Pereira JS, Pausas JG (eds.) Cork oak woodlands on the 472 
edge. Island Press, Washington, DC, USA 473 
15 
 
Bugalho M, Silva LN (2014) Promoting sustainable management of cork oak landscapes 474 
through payments for ecosystem services: the WWF Green Heart of Cork project. 475 
Unasylva 242:29-30 476 
Bugalho MN, Caldeira MC, Pereira JS et al (2011) Mediterranean cork oak savannas 477 
require human use to sustain biodiversity and ecosystem services. Front Ecol Environ 478 
9:278-286 479 
Bugalho MN, Dias FS, Brinas B et al (2016) Using the high conservation value forest 480 
concept and Pareto optimization to identify areas maximizing biodiversity and ecosystem 481 
services in cork oak landscapes. Agroforest Syst 90:35-44 482 
Caldeira MC, Ibanez I, Nogueira C et al (2014) Direct and indirect effects of tree canopy 483 
facilitation in the recruitment of Mediterranean oaks. J Appl Ecol 51:349-358 484 
Caldeira MC, Lecomte X, David TS et al (2015) Synergy of extreme drought and shrub 485 
invasion reduce ecosystem functioning and resilience in water-limited climates. Sci Rep 486 
5:15110 487 
Canadell JG, Raupach MR (2008) Managing forests for climate change mitigation. 488 
Science 320:1456-1457 489 
Cavender-Bares J, Cortes P, Rambal S et al (2005) Summer and winter sensitivity of 490 
leaves and xylem to minimum freezing temperatures: a comparison of co-occurring 491 
Mediterranean oaks that differ in leaf lifespan. New Phytol 168:597-611 492 
Cook BI, Anchukaitis KJ, Touchan R et al (2016) Spatiotemporal drought variability in 493 
the Mediterranean over the last 900 years. J Geophys Res Atmos 121:2060-2074 494 
Correia RA, Franco AMA, Palmeirim JM (2015a) Role of the Mediterranean Sea in 495 
differentiating European and North African woodland bird assemblages. Community 496 
Ecol 16:106-114 497 
Correia RA, Haskell WC, Gill JA et al (2015b) Topography and aridity influence oak 498 
woodland bird assemblages in southern Europe. For Ecol Manag 354:97-103 499 
Dale VH, Joyce LA, McNulty S et al (2001) Climate change and forest disturbances. 500 
Bioscience 51:723-734 501 
de Bremond A, Engle NL (2014) Adaptation policies to increase terrestrial ecosystem 502 
resilience: potential utility of a multicriteria approach. Mitig Adapt Strateg Glob 503 
Change 19:331-354 504 
de Dios VR, Fischer C, Colinas C (2007) Climate change effects on mediterranean forests 505 
and preventive measures. New Forest 33:29-40 506 
16 
 
Dias FS, Bugalho MN, Cerdeira JO et al (2013) Is forest certification targeting areas of 507 
high biodiversity in cork oak savannas? Biodivers Conserv 22:93-112 508 
Diáz M, Campos P, Pulido FJ (1997) The Spanish dehesas: a diversity in land-use and 509 
wildlife. In: Pain DJ, Pienkowski MW (eds.) Farming and birds in Europe. Academic 510 
Press, Cambridge, UK 511 
Dirección General de Medio Natural y Política Forestal (2009) Mapa Forestal de España, 512 
Escala 1:200.000. Ministerio de Medio Ambiente, y Medio Rural y Marino, Madrid, 513 
España 514 
Doblas-Miranda E, Martinez-Vilalta J, Lloret F et al (2015) Reassessing global change 515 
research priorities in mediterranean terrestrial ecosystems: how far have we come and 516 
where do we go from here? Glob Ecol Biogeogr 24:25-43 517 
Dobrowski SZ (2011) A climatic basis for microrefugia: the influence of terrain on 518 
climate. Glob Change Biol 17:1022-1035 519 
Dormann CF, Elith J, Bacher S et al (2013) Collinearity: a review of methods to deal 520 
with it and a simulation study evaluating their performance. Ecography 36:27-46 521 
Elith J, Graham CH, Anderson RP et al (2006) Novel methods improve prediction of 522 
species' distributions from occurrence data. Ecography 29:129-151 523 
ESRI (2011) ArcGIS Desktop: Release 10. Environmental Systems Research Institute, 524 
Redlands, California, USA 525 
FAO/IIASA/ISRIC/ISSCAS/JRC (2012) Harmonized World Soil Database (version 526 
1.2). FAO, Rome, Italy and IIASA, Laxenburg, Austria 527 
Giorgi F (2006) Climate change hot-spots. Geophys Res Lett 33 528 
Godinho S, Guiomar N, Machado R et al (2016) Assessment of environment, land 529 
management, and spatial variables on recent changes in montado land cover in southern 530 
Portugal. Agroforest Syst 90:177-192 531 
Haut Commissariat aux Eaux et Forêts et à la Lutte Contre la Désertification (2005) 532 
Inventaire Foréstier National. Haut Commissariat aux Eaux et Forêts et à la Lutte Contre 533 
la Désertification, Rabat, Maroc 534 
Heller NE, Zavaleta ES (2009) Biodiversity management in the face of climate change: 535 
A review of 22 years of recommendations. Biol Conserv 142:14-32 536 
Hidalgo PJ, Marin JM, Quijada J et al (2008) A spatial distribution model of cork oak 537 
(Quercus suber) in southwestern Spain: A suitable tool for reforestation. For Ecol 538 
Manag 255:25-34 539 
17 
 
Hijmans RJ (2015) raster: Geographic Data Analysis and Modeling. R package version 540 
2.5-2 541 
Hijmans RJ, Philips S, Leathwick J, Elith J (2015) dismo: Species Distribution Modeling. 542 
R package version 1.0-12 543 
Hutchinson M, Xu T, Houlder D et al (2009) ANUCLIM 6.0 User’s Guide, Australian 544 
National University, Fenner School of Environment and Society 545 
Institut National de l’Information Géographique et Forestiére (2010) Inventaire Forestier 546 
Nationale. Institut National de l’Information Géographique et Forestiére, Saint-Mandé, 547 
France 548 
Jimenez-Valverde A, Lobo JM (2007) Threshold criteria for conversion of probability of 549 
species presence to either-or presence-absence. Acta Oecol 31:361-369 550 
Jimenez-Valverde A, Lobo JM, Hortal J (2008) Not as good as they seem: the 551 
importance of concepts in species distribution modelling. Divers Distrib 14:885-890 552 
Kearney M, Porter W (2009) Mechanistic niche modelling: combining physiological 553 
and spatial data to predict species' ranges. Ecol Lett 12:334-350 554 
Khaldi A (2004) Carte de repartition du chêne liege en Tunisie. Elaborée d’après IFPN-555 
DGF, 1995 556 
Klausmeyer KR, Shaw MR (2009) Climate Change, Habitat Loss, Protected Areas and 557 
the Climate Adaptation Potential of Species in Mediterranean Ecosystems Worldwide. 558 
Plos One 4 559 
Larcher W (2000) Temperature stress and survival ability of Mediterranean 560 
sclerophyllous plants. Plant Biosyst 134:279-295 561 
Leal AI, Correia RA, Granadeiro JP et al (2011) Impact of cork extraction on birds: 562 
Relevance for conservation of Mediterranean biodiversity. Biol Conserv 144:1655-1662 563 
Linares AM (2007) Forest planning and traditional knowledge in collective woodlands 564 
of Spain: The dehesa system. For Ecol Manag 249:71-79 565 
Lindner M, Maroschek M, Netherer S et al (2010) Climate change impacts, adaptive 566 
capacity, and vulnerability of European forest ecosystems. Forest Ecol Manag 259:698-567 
709 568 
Lunda HG, Iremonger S (2000) Omissions, commissions, and decisions: the need for 569 
integrated resource assessments. For Ecol Manag 128:3-10 570 
Merow C, Smith MJ, Edwards TC et al (2014) What do we gain from simplicity versus 571 
complexity in species distribution models? Ecography 37:1267-1281 572 
18 
 
Merow C, Smith MJ, Silander JA (2013) A practical guide to MaxEnt for modeling 573 
species' distributions: what it does, and why inputs and settings matter. Ecography 574 
36:1058-1069 575 
Millar CI, Stephenson NL, Stephens SL (2007) Climate change and forests of the future: 576 
Managing in the face of uncertainty. Ecol Appl 17:2145-2151 577 
Muscarella R, Galante PJ, Soley-Guardia M et al (2014) ENMeval: An R package for 578 
conducting spatially independent evaluations and estimating optimal model complexity 579 
for MAXENT ecological niche models. Methods Ecol Evol 5:1198-1205 580 
New M, Hulme M, Jones P (2000) Representing twentieth-century space-time climate 581 
variability. Part II: Development of 1901-96 monthly grids of terrestrial surface climate. 582 
J Climate 13:2217-2238 583 
Nyong A, Adesina F, Osman Elasha B (2007) The value of indigenous knowledge in 584 
climate change mitigation and adaptation strategies in the African Sahel. Mitig Adapt 585 
Strateg Glob Change 12:787-797 586 
Oliver TH, Morecroft MD (2014) Interactions between climate change and land use 587 
change on biodiversity: attribution problems, risks, and opportunities. Wires Clim 588 
Change 5:317-335 589 
Parmesan C (2006) Ecological and evolutionary responses to recent climate change. Annu 590 
Rev Ecol Evol S 37:637-669 591 
Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts 592 
across natural systems. Nature 421:37-42 593 
Pausas JG, Pereira JS, Aronson J (2009) The tree. In: Aronson J, Pereira JS, Pausas JG 594 
(eds.) Cork oak woodlands on the edge. Island Press, Washington, DC, USA 595 
Pereira H (2007) The Cork oak. In: Pereira H (ed.) Cork: Biology, production and uses. 596 
Elsevier, Amsterdam, The Netherlands 597 
Pereira H, Tomé M (2004) Cork oak. In: Burley J, Evans J, Youngquist JA (eds.) 598 
Encyclopedia of Forest Sciences. Elsevier, Oxford, UK 599 
Plieninger T, Rolo V, Moreno G (2010) Large-Scale Patterns of Quercus ilex, Quercus 600 
suber, and Quercus pyrenaica Regeneration in Central-Western Spain. Ecosystems 601 
13:644-660 602 
Pons J, Pausas JG (2006) Oak regeneration in heterogeneous landscapes: The case of 603 
fragmented Quercus suber forests in the eastern Iberian Peninsula. Forest Ecol Manag 604 
231:196-204 605 
19 
 
R Core Team (2016) R: A Language and Environment for Statistical Computing. R 606 
Foundation for Statistical Computing, Vienna, Austria 607 
Ravindranath NH (2007) Mitigation and adaptation synergy in forest sector. Mitig 608 
Adapt Strateg Glob Change 12:843-853 609 
Renner IW, Warton DI (2013) Equivalence of MAXENT and Poisson Point Process 610 
Models for Species Distribution Modeling in Ecology. Biometrics 69:274-281 611 
Rowland EL, Davison JE, Graumlich LJ (2011) Approaches to Evaluating Climate 612 
Change Impacts on Species: A Guide to Initiating the Adaptation Planning Process. 613 
Environ Manage 47:322-337 614 
Salinas CX, Mendieta J (2013a) The cost of mitigation strategies for agricultural 615 
adaptation to global change. Mitig Adapt Strateg Glob Change 18:933-941 616 
Salinas CX, Mendieta J (2013b) Effectiveness of the strategies to combat land 617 
degradation and drought. Mitig Adapt Strateg Glob Change 18:1269-1281 618 
Santos MJ, Thorne JH (2010) Comparing culture and ecology: conservation planning of 619 
oak woodlands in Mediterranean landscapes of Portugal and California. Environmental 620 
Conservation 37:155-168 621 
Scarascia-Mugnozza G, Oswald H, Piussi P et al (2000) Forests of the Mediterranean 622 
region: gaps in knowledge and research needs. Forest Ecol Manag 132:97-109 623 
Schmitt P (2016) Trial plantation to slash cork growing times. The Drinks Business. 624 
https://www.thedrinksbusiness.com/2016/06/trial-plantation-to-slash-cork-growing-625 
times. Cited 24 Nov 2016 626 
Serrasolses I, Pérez-Devesa M, Vilagrosa A et al (2009) Soil Properties Constraining 627 
Cork Oak Distribution. In: Aronson J, Pereira JS, Pausas JG (eds.) Cork oak woodlands 628 
on the edge. Island Press, Washington, DC, USA 629 
Settele J, Scholes R, Betts R et al (2014) Terrestrial and inland water systems. In: Field 630 
CB, Barros VR, Dokken DJ et al (eds.) Climate Change 2014: Impacts,Adaptation, and 631 
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to 632 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 633 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA 634 
Stocker TF, Qin D, Plattner G-K et al (2013) Climate Change 2013: The Physical 635 
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 636 
Intergovernmental Panel on Climate Change Cambridge University Press, Cambridge, 637 
UK and New York, USA 638 
20 
 
Synes NW, Osborne PE (2011) Choice of predictor variables as a source of uncertainty 639 
in continental-scale species distribution modelling under climate change. Global Ecol 640 
Biogeogr 20:904-914 641 
Thuiller W, Brotons L, Araujo MB et al (2004) Effects of restricting environmental range 642 
of data to project current and future species distributions. Ecography 27:165-172 643 
Trumbore S, Brando P, Hartmann H (2015) Forest health and global change. Science 644 
349:814-818 645 
Vessella F, Schirone B (2013) Predicting potential distribution of Quercus suber in Italy 646 
based on ecological niche models: Conservation insights and reforestation 647 
involvements. Forest Ecol Manag 304:150-161 648 
Walck JL, Hidayati SN, Dixon KW et al (2011) Climate change and plant regeneration 649 
from seed. Global Change Biol 17:2145-2161 650 
Winkel G, Sotirov M (2016) Whose integration is this? European forest policy between 651 
the gospel of coordination, institutional competition, and a new spirit of integration. 652 
Environ Plann C 34:496-514 653 
Zomer RJ, Trabucco A, Bossio DA et al (2008) Climate change mitigation: A spatial 654 
analysis of global land suitability for clean development mechanism afforestation and 655 
reforestation. Agr Ecosyst Environ 126:67-80 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
 671 
 672 
21 
 
Figures 673 
Figure 1 – Present distribution of the Cork oak Quercus suber. Areas where the species 674 
occurs are highlighted in black and country codes identify the countries where the species 675 
currently occurs: Portugal (PT), Spain (SP), France (FR), Italy (IT), Morocco (MA), 676 
Algeria (DZ) and Tunisia (TN). 677 
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Figure 2 – Cork oak environmentally suitable areas as predicted by MaxEnt models for 700 
present (a) and future scenarios (year 2070), based on RCP 4.5 (b) and RCP 8.5 (c). 701 
Country codes identify the nations where the species currently occurs: Portugal (PT), 702 
Spain (SP), France (FR), Italy (IT), Morocco (MA), Algeria (DZ) and Tunisia (TN). 703 
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Figure 3 – Country-level analysis showing changes in environmental suitability for areas 726 
currently occupied by cork oak. Predictions are shown for the present (left bars) and future 727 
(year 2070) scenarios based on RCP 4.5 (middle bars) and RCP 8.5 (right bars). 728 
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Figure 4 – Location of recently established cork oak stands in Portugal in relation to cork 747 
oak environmental suitability as predicted by MaxEnt models for present (a) and future 748 
(year 2070) environmental conditions based on RCP 4.5 (b) and RCP 8.5 (c) climate 749 
change scenarios. Cork oak stands are represented by black dots. 750 
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Table 1 – List of environmental variables tested for modelling the cork oak distribution. This set 773 
of environmental variables was selected based on biological knowledge of the species (Pausas et 774 
al. 2009). Variables included in the final model are highlighted in bold. 775 
Environmental variable Variable code Description 
Number of frost days Frost Number of frost days in a year, calculated 
following New et al. (2000). 
Minimum temperature of 
coldest month 
T_Min Minimum temperature of the coldest month, 
obtained from Worldclim database. 
Total annual precipitation P_total Total annual precipitation, obtained from 
Worldclim database. 
Total spring precipitation P_spr Total spring precipitation, calculated as the sum of 
precipitation for the months of March, April and 
June 
Total winter precipitation P_win Total winter precipitation, calculated as the sum of 
precipitation for the months of December, January 
and February 
Annual aridity index Arid Annual aridity index, calculated following Zomer 
et al. (2008). 
Spring aridity index Arid_spr Aridity index calculated for the months of 
March, April and May. 
Winter aridity index Arid_win Aridity index calculated for the months of 
December, January and February. 
Temperature 
seasonality 
T_seas Calculated as the standard deviation of mean 
daily temperatures * 100, obtained from 
Worldclim database. 
Precipitation seasonality P_seas Calculated as the coefficient of variation of 
weekly precipitation estimates. Obtained from 
Worldclim database. 
Soil type class Soil_class Major soil grouping classes, obtained from the 
Harmonized World Soil Database 
(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009). 
Soil pH class Soil_ph Soil pH classes, obtained from the Harmonized 
World Soil Database (FAO/IIASA/ISRIC/ISS-
CAS/JRC, 2009). 
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Table 2 –Environmental variables included in the final MaxEnt model and their contributions to 778 
the model predictions. 779 
Environmental variable 
 Percent 
contribution 
Permutation 
importance 
Number of frost days  34.9 39.1 
Precipitation seasonality  23.9 30.5 
Soil type class  12.4 2.4 
Soil pH class  10.7 3.6 
Temperature seasonality  9.4 3.5 
Spring aridity index  8.6 20.9 
 780 
 781 
 782 
 783 
 784 
 785 
 786 
 787 
 788 
 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 
 804 
27 
 
Table 3 – Percentage cover of the five most common land uses in areas likely to become 805 
environmentally suitable (medium and high suitability classes) for cork oak in the future 806 
(year 2070) under RCP 4.5 and RCP 8.5 scenarios. Land cover classes according to 807 
Corine Land Cover 2006 Label 3 (Version 16) classification. Area values are shown in 808 
square kilometers and percentage values relate to total novel area of medium and high 809 
suitability where the species is currently absent. 810 
Rank Representative Concentration Pathways 
RCP 4.5 RCP 8.5 
Land cover class Area (%) Land cover class Area (%) 
1 Transitional woodland-shrub 6 633 (13.0%) Complex cultivation patterns 6 780 (11.9%) 
2 Broad-leaved forest 6 103 (11.9%) Transitional woodland-shrub 6 582 (11.6%) 
3 Complex cultivation patterns 4 720 (9.2%) Non-irrigated arable land 6 010 (10.6%) 
4 Agriculture with natural vegetation 4 437 (7.0%) Broad-leaved forest 5 949 (10.5%) 
5 Non-irrigated arable land 3 982 (4.8%) Agriculture with natural vegetation 3 619 (5.5%) 
- Other land uses 25 336 (49.5%) Other land uses 27 123 (47.7%) 
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